In this study, single phase polycrystalline Zn 4 Sb 3 as well as 11 at.% Zn-rich Zn 4 Sb 3 alloy having ε-Zn 4 Sb 3 (majority phase) and Zn (minority phase) phases bulk samples produced by gas-atomization and subsequently consolidated by spark plasma sintering (SPS) process. The crystal structures were analyzed by X-ray diffraction (XRD) and cross-sectional microstructure were observed by the scanning electron microscopy (SEM). The internal grain microstructure of 11at.% Zn-rich Zn 4 Sb 3 powders shows lamellar structure. Relative density, Vickers hardness and crack lengths were measured to investigate the effect of sintering temperature of Zn 4 Sb 3 samples which are sintered at 653, 673 and 693 K. Relative density of the single phase bulk Zn 4 Sb 3 sample reached to 99.2% of its theoretical density. The micro Vickers hardness of three different sintering temperatures were found around 2.17 -2.236 GPa.
Introduction
Thermoelectric materials have been fascinated extensive interest due to increasing demand for cooling devices and reuse of waste heat convert into electrical energy for power generation applications.Well established thermoelectric materials used in thermoelectric devices can be divided into three types depending upon their temperature range of applications. Bi 2 Te 3 and its alloys work around temperature range 300-500 K. In the intermediate temperature range 600-900 K, PbTe-based alloys and TAGS (Te-Ag-Ge-Sb) are the most efficient materials. At the high temperature range (1000-1300 K), Si-Ge alloys are mainly used in power generation devices for space applications. PbTe based alloys are toxic and it has significant adverse impacts on human health and eco-environment issue. However, alternative materials are urgently needed to replace PbTe alloys. Among the thermoelectric materials p-type semiconductive β-Zn 4 Sb 3 compound as a new material with high figure of merit ZT= 1.3 in the 300-670 K temperature range have identified by Caillat et al. [1] . ZT value can be increased by increasing Seebeck coefficient and electrical conductivity, or decreasing its thermal conductivity. However, these parameters are not independent, because the thermal conductivity (k) is the sum of the lattice thermal conductivity (k L ) and electrical contribution (k e ) which is strongly depends on the electrical conductivity by Wiedemann-Franz law. In order to increase ZT, the most powerful technique is to lower the lattice thermal conductivity while maintaining good electrical transport properties.
For Zn 4 Sb 3 has three modifications: α, β and γ phases which are stable below 263 K, between 263 and 765 K, and above 765 K, respectively. The phase diagram investigated by Mayer et al. [2] β-Zn 4 Sb 3 has a hexagonal rhombohedric crystal structure, space group R3C with a= 12.231Å and c= 12.428 A [2, 3] . Due to this reason, the fabrication of single-phase Zn 4 Sb 3 samples involves complicated process [1, 4, 5] . Low thermal conductivity values can be expected because of its complex structure. Caillat et al. reported a room temperature thermal conductivity value around 0.9 Wm −1 K −1 , which was lower than that of a state of the art of Bi 2 Te 3 , based thermoelectric materials [6] .
Several fabrication methods for Zn 4 Sb 3 have been introduced, such as mechanical alloying (MA) [7, 8] , vacuum melting process [9] , bulk mechanical alloying (BMA) followed by hot pressing [10] , melting in an evacuated quartz ampoule followed by a granulation and hot consolidation process [1, 3] . To best of our knowledge, no one can report Zn 4 Sb 3 alloys by using gas atomization and spark plasma sintering process. Among all of the above, gas-atomization is more attractive due to its efficient and high performance applications. It is useful for mass production of thermoelectric materials, easy process control, requires short duration of time and homogeneous pro-ductivity without isolation relative to other fabrication process [11] [12] [13] .
In this study, we have been fabricated single phase Zn 4 Sb 3 based alloys by a combination of gas-atomization and SPS process. The morphology, microstructure and mechanical properties including Vickers hardness, crack length with different consolidation temperatures were evaluated and discussed.
Also, Zn-rich Zn 4 Sb 3 ) alloy powder was prepared by GA(same conditions with previous) and consolidated by SPS at 723 K, and then analyzed their properties.
Experimental procedure
High-purity antimony granules (99.999%) and zinc bars (99.999%) were used as raw materials in this study. The raw elements were weighed for the required stoichiometric ratio, and nominally 11 at.% Zn-rich mixture to compensate for possible Zn loss during melting. The alloy was melted at 500
• C above the liquidus temperature under Ar atmosphere to make the master alloy, and then bottom pouring the melt through a boron nitride melt delivery nozzle of 8 mm diameter to a N 2 gas operated atomizer working at a pressure of 1.2 MPa, the rapidly solidified powders were produced [11, 12] . The size distribution of the as-atomized powders was carried out by laser diffraction technique using Mastersizer 2000 particle analyzer. The Zn 4 Sb 3 powders were consolidated at 653 K, 673 K, 693 K, and 11 at.% Zn-rich Zn 4 Sb 3 (named as Zn-rich Zn 4 Sb 3 ) powders consolidated at 723 K by using spark plasma sintering under a pressure of 50 MPa in a diameter of 20 mm graphite mould in vacuum for 10 min. Relative densities of the samples were measured by the Archimedes method. Phase identification of the as-atomized powders and sintered bulks were performed by X-ray diffractometer (Rigaku, MiniFlex-600, Japan) using high energy monochromatic CuKα radiation (15.418 nm) in the 2θ range from 20 to 60 degrees at a scan rate of 0.02
• /s. The morphology and cross-sectional microstructure of the powders were observed by the scanning electron microscopy (SEM-MIRA LMH II (TESKAN), USA) after polishing and etching by a solution of HNO 3 and H 2 O in the ratio of 1:1 for 3 min. Vickers hardness was measured by indentation of a diamond pyramid on the polished surface of the samples with Vickers hardness tester. The load applied during the hardness test was 500 gf with dwell time being 15s. For accuracy, 20 to 25 indentations were carried out for each sample and then averaged. The cracks were generated at the corners of indentations during the Vickers hardness testing and measured by using SEM micrographs. Fig.1 shows the XRD patterns of the starting powders and sintered bulks of Zn 4 Sb 3 , and Zn-rich Zn 4 Sb 3 respectively, obtained from gas atomization and spark plasma sintering. The XRD spectra were compared and indexed with Joint Committee on Powder Diffraction Standards (JCPDS) database PDF Nos.341013 and 400809 for Zn 4 Sb 3 and ZnSb phases respectively [14] . The X-ray diffraction pattern of the starting powder phases are identified as ε-Zn 4 Sb 3 and β-ZnSb. It is known that, the possible reason of β-ZnSb phase is due to partial decomposition of Zn 4 Sb 3 and corresponding Zn loss at temperatures over 523 K under dynamic vacuum [15] . The sintered Zn 4 Sb 3 samples at 653 K under pressure of 50 MPa exhibit the single ε-Zn 4 Sb 3 phase, where as Zn-rich Zn 4 Sb 3 SPSed samples at 723 K under pressure of 50 MPa identified as excess Zn phase because of adding excess Zn. If it is correct assumption the evaporation of Zn, β-ZnSb phase should remain after sintering process. But, the β-ZnSb phase does not observed in sintered samples. From the above discussion, we conclude that the β-ZnSb phase in the starting powders is not due to decomposition of Zn 4 Sb 3 but it may be due to incomplete solidification of Zn and Sb in the gas atomization process. Single-phase Zn 4 Sb 3 with 99.24% of its theoretical density was successfully produced at 653 K as shown in Fig.  1(c) and Table. 1. The log normal size distribution of gas-atomized stoichiometric Zn 4 Sb 3 , and Zn-rich Zn 4 Sb 3 powders are shown in Fig.  2(a) and (b) . The surface weighted mean and volume weighted mean of Zn 4 Sb 3 , and zinc-rich Zn 4 Sb 3 powder particles are 21 µm, 54 µm and 13 µm, 44 µm respectively. The broad size distribution of Zn 4 Sb 3 is shown in Fig. 2(a) .576 µm corresponding to the particle sizes at 0.1, 0.5, and 0.9 volume percentages respectively. Usually, gas atomization process results fairly wide range of particle size distribution due to the variation in the cooling rate, which is inversely proportional to the size of the liquid droplets [11] . Based on the results particle size distribution of Zn-rich Zn 4 Sb 3 powders has narrower compared to Zn 4 Sb 3 size distribution. However, thermoelectric and mechanical properties of the bulk alloys indirectly depend on the particle size which will affected to microstructure. For that reason many researchers concentrate on process parameters of gas atomization for producing fine particle sizes. As can be seen from Fig. 3(e) it appears, homogeneous and unevenly distributed irregular shaped grains were observed. The width of the grains was around 2-25 µm. Interestingly, the microstructure of Zn-rich Zn 4 Sb 3 powder is different compared to Zn 4 Sb 3 microstructure is shown in Fig.  3(f) . The grain internal structure of Zn-rich Zn 4 Sb 3 is lamellar structure. It seems that both powders have unevenly distributed irregular shaped grains, although the internal structures of grains are different. In gas-atomization process the grain size of the powders significantly decreased due to rapid solidification. It can be noticed that controlling of the grain size is one of the key parameter to enhance the thermoelectric properties. Physical and mechanical properties of specimens presented in Table. 1. It can be clearly seen from the Table. 1 calculated relative density increases as the sintering temperature increases from 653 K to 693 K at 50 MPa pressure. It is mainly due to the decrease of fractional porosity of the bulks with sintering temperature [17] . [18] . The Vickers hardness value decreases with the addition of excess Zn to the Zn 4 Sb 3 alloys. However, it may expect that high hardness of Zn 4 Sb 3 bulks would considerably decrease material wastage during cutting process of the module. Hence, gas-atomized powders might posses good mechanical properties. Unfortunately, a large number of macroscopic cracks were observed in Zn 4 Sb 3 alloys. It should be noticed that all sintered bulks were brittle and broke while cutting before the thermoelectric properties measurements. We realize that, it is difficult to produce crack free samples of Zn 4 Sb 3 alloys by using combination of gas-atomization and spark plasma sintering process. It can be seen in Fig. 4 the crack length increases gradually and decreases at various sintering temperatures. The propagation of crack lengths are essential translates into high fracture toughness and high hardness values at a time. Crack length also one of the key parameter for fracture toughness. The crack length of Zn-rich Zn 4 Sb 3 sample has low compared to Zn 4 Sb 3 specimen at 673 K. This might be due to fine grain size of Zn-rich Zn 4 Sb 3 specimen compared to Zn 4 Sb 3 grains. 
Results and discussion

Conclusions
Single phase of Zn 4 Sb 3 bulk specimens with more than 99% of its theoretical density were successfully fabricated by gas atomization and spark plasma sintering process. Zn-rich Zn 4 Sb 3 sample having ε-Zn 4 Sb 3 (majority phase) and Zn (minority phase) phases were identified. Internal microstructure of as-atomized Zn-rich Zn 4 Sb 3 powder has lamellar structure, which is not identified in stoichiometric powder of Zn 4 Sb 3 . The Vickers hardness increases gradually with increase in sintering temperature due to increasing of its relative density. The maximum Vickers hardness was found as 2.24 GPa at 693 K. The indentation crack positions of different sintered temperature of Zn 4 Sb 3 samples are observed at corner. The four cracks enlarging from corners as well as one crack observed from circumference of the Vickers indenter in Zn-rich Zn 4 Sb 3 sample due to high ductile nature of the materials. The combination of gas-atomization and spark plasma sintering process posses good mechanical properties due to high compatibility of the powders during rapid solidification.
